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We have isolated two novel human cDNAs, gps1-1 and gps2, that suppress lethal G-protein subunit-activating
mutations in the pheromone response pathway of the yeast Saccharomyces cerevisiae. Suppression of other
pathway-activating events was examined. In wild-type cells, expression of either gps1-1 or gps2 led to enhanced
recovery from cell cycle arrest induced by pheromone. Sequence analysis indicated that gps1-1 contains only the
carboxy-terminal half of the gps1 coding sequence. The predicted gene product of gps1 has striking similarity
to the protein encoded by the Arabidopsis FUS6 (COP11) gene, a negative regulator of light-mediated signal
transduction that is known to be essential for normal development. A chimeric construct containing gps1 and
FUS6 sequences also suppressed the yeast pheromone pathway, indicating functional conservation between
these human and plant genes. In addition, when overexpressed in mammalian cells, gps1 or gps2 potently
suppressed a RAS- and mitogen-activated protein kinase-mediated signal and interfered with JNK activity,
suggesting that signal repression is part of their normal function. For gps1, these results are consistent with
the proposed function of FUS6 (COP11) as a signal transduction repressor in plants.

In eukaryotes, heterotrimeric G proteins are essential for
cellular responses to diverse external stimuli, including pher-
omones, hormones, growth factors, odorants, and light. In each
case, the G protein is coupled to a seven-transmembrane re-
ceptor. Upon ligand binding, the activated receptor causes
dissociation of the G protein into a Gbg heterodimer and a
free GTP-bound Ga subunit. In mammalian cells, both Gbg
and Ga can interact with a variety of effector proteins that can
subsequently control second-messenger production, transcrip-
tion, cell cycle progression, and differentiation (reviewed in
reference 41).
In the yeast Saccharomyces cerevisiae, the pheromone re-

sponse pathway is regulated by a heterotrimeric G protein and
a mitogen-activated protein (MAP) kinase cascade (reviewed
in references 2, 27, 44, and 53). The resulting signal causes cells
to arrest in late G1 and to differentiate. Morphologically al-
tered cells (shmoos) of opposite mating type can attach and
fuse, leading to mating resolution and resumption of mitotic
growth as a diploid. If mating is not consummated, haploid
cells undergo adaptation and return to normal growth.
Binding of pheromone from one haploid mating type to its

cognate receptor expressed on a haploid cell of the opposite
mating type triggers activation of a receptor coupled G protein
by releasing the Ga subunit (encoded by the GPA1 [SCG1]
gene) from the signal transducing Gbg heterodimer (encoded
by STE4 and STE18, respectively). Downstream effectors in-
clude the STE20-encoded protein kinase (33, 50), which is
structurally related to mammalian Pak kinase (36). Ste20p
activates a series of kinases composed of the products of the
STE11, STE7, FUS3, and KSS1 genes. This grouping of protein
kinases is referred to as a MAP kinase cascade based on its

striking structural similarity to ordered series of mammalian
MAP kinases (e.g., Raf-MEK-ERK and MEKK-JNKK-JNK)
that are stimulated by the small G protein RAS (39) and may
also be activated by heterotrimeric G proteins (15, 26, 38, 60).
In S. cerevisiae, some Gbg signaling properties may derive
from a direct interaction with Ste5p (65), a scaffold protein
that physically coordinates the yeast MAP kinase cascade (11).
Further downstream, the transcription factor Ste12p induces
genes, such as FUS1, that are required for mating. Many of
these pheromone signaling components are also known to par-
ticipate in parallel but distinct pathways (reviewed in refer-
ences 22, 27, and 34).
Elimination or functional impairment of Ste proteins causes

a block in the pheromone response pathway and leads to a
sterile (ste) phenotype. Some mutations in pheromone signal-
ing elements can result in a constitutive signal that, even in the
absence of pheromone, leads to differentiation and cell cycle
arrest. Such mutations include deletion of the Ga subunit (17,
40), overexpression of the Gb subunit (12), expression of a
mutant Gb subunit that has reduced affinity for Ga (4, 64),
constitutively active Ste20p (50), constitutively active Ste11p
(7, 57), and overexpressed Ste12p (20). We have isolated hu-
man cDNAs as high-copy-number suppressors of a constitu-
tively active Gbg heterodimer in yeast. One of these suppres-
sors, gps1-1, is a truncated form of gps1 which is highly related
structurally and functionally to the Arabidopsis FUS6 (COP11)
gene, a negative regulator of photomorphogenic signaling (5).
G-protein–MAP kinase pathway activation events in yeast and
mammalian cells were used to probe the functions of gps1 and
gps2.

MATERIALS AND METHODS

Strains, media, and suppression assays. Yeast strains LG2TG (MATa ade8
his3 leu2 trp1 ura3 can1 gpa1::HIS3 pTGC) and DBC (MATa ade2 ade3 his4 leu2
lys2 trp1 ura3 cry1 can1 SUP4-3 STE4Hpl pUa2C) were previously described (56).
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LG2TG cells were transformed with a human glioblastoma cDNA library (14),
and gpa1 suppressors were isolated by plasmid exchange selection as previously
described (56) except that one round of enrichment was required in order to
isolate individual suppressors. Survivors of the first selection were pooled, and
plasmid DNA isolated from these cells was used to transform fresh LG2TG cells
that were then subjected to plasmid exchange selection. Resulting survivors were
then analyzed individually. Suppression analysis of the STE4Hpl mutation in
strain DBC has been previously described (56). Viability and FUS1::lacZ induc-
tion assays using plasmid-borne pathway activators were performed in strain
AN43-5A (MATa ade1 arg4 leu2 trp1 ura3 mfa1::FUS1::lacZ his3::FUS1::HIS3
[49]; generously provided by Ira Herskowitz, University of California, San Fran-
cisco). The W303-1A/1B diploid (MATa/MATa ade2/ade2 his3/his3 leu2/leu2
trp1/trp1 ura3/ura3 can1/can1) was generated from W303-1A and W303-1B
strains provided by Rodney Rothstein. For the viability assays, pathway activa-
tor plasmids used were pM4GT (vector control), YCpGal-STE4, pM4GT-
STE20DN, pKB254 (pGAL-STE11DN), and pGK40 (pGAL-STE12). Suppressor
plasmids used were pYES2 (vector control), pKB247 (pGAL-gps1-1), pKB241
(pGAL-gps2), and pYESS-MSG5. Individual transformants were streaked onto
the appropriate selective media containing sucrose. These were replica plated to
either sucrose or galactose media. Growth was scored at 3 days. FUS1::lacZ
inductions were done essentially as described previously (37) except that cultures
were normalized to the same optical density at 600 nm prior to induction. The
plasmids used in the FUS1::lacZ induction experiments were as follows. For the
experiments using STE4, STE11DN, and STE12 as the activating signals, expres-
sion plasmids YCpGAL-STE4, pKB254, and pGK40, respectively, were used. In
these experiments, pKB247, pKB241, pYESS-MSG5, and pUG were the sup-
pressor candidates; pYESS was the vector control. For the experiments using
STE20DN as the activating signal, pYESS-STE20DN was used for testing the sup-
pression candidates expressed from pM4GT-gps1-1, pM4GT-gps2, and pM4GT-
MSG5; pM4GT was the vector control. pM4GT-STE20DN was used for testing
GPA1 (pUG) as the suppressor candidate; pYESS was the vector control. b-Ga-
lactosidase assays were done as described previously (56). Halo assays were
performed as previously described (56), using strains SP1 (MATa ade8 his3 leu2
trp1 ura3 can1), GPY74-15Ca (MATa his4 or his6 leu2 trp1 ura3 sst1) (58), and
YDM400 (MATa ade2 his3 leu2 lys2 trp1 ura3 sst2), which was generously pro-
vided by Doreen Ma and Jeremy Thorner, University of California, Berkeley.
The amount of a-factor used was 20 mg (wild-type cells) or 2 mg (sst1 and sst2
cells). Morphological analysis of pheromone-treated cells was done as follows.
GPY74-15Ca cells transformed with pADANS, p19A, or p17B were inoculated
with 5 3 105 cells per ml. After 1 h in culture, a-factor was added to achieve a
final concentration of 1 mg/ml. Every 30 min over a 3-h period, aliquots were
mixed with an equal volume of fixing solution (150 mM NaCl, 7.4% formalde-
hyde), and at least 200 cells were examined microscopically. For the pheromone
withdrawal experiment, cells previously treated with pheromone for 3 h were
washed twice and then cultured in pheromone-free media. Aliquots were re-
moved every hour for 5 h and treated as described above.
Plasmid constructions. The gps1-1 and gps2 cDNA library isolates, expressed

as Adh1p fusions, were designated p19A and p17B, respectively. The hemagglu-
tinin (HA)-tagged constructs of gps1-1 (pKB224) and gps2 (pKB222) were cre-
ated by subcloning the NotI cDNA fragments from p19A and p17B into a mod-
ified form of pAD54N (48). The HA-tagged full-length form of gps1 (pKB226)
was made from an isolate (clone 9-1) derived from a human brain cDNA library
(Clontech) and subcloned into pBluescript (Stratagene). The 9-1 clone was first
modified by PCR amplification of the 59 end, introducing a SalI restriction site
upstream of the initiation codon. This 59-end fragment (SalI to ApaI) was then
ligated with the ApaI-to-NotI fragment of the 9-1 clone into pAD54N in a
three-way ligation. The shorter construct that initiates with a downstream ATG
was made by directly cloning a shorter cDNA isolate (clone 6-1), using HindIII
and SacI, into the pAD54-related plasmid pAD4 (13). The gps1-1DC1 deletion
(pKB237) was generated by digesting p19A with PstI and ligation to an adapter
oligonucleotide that destroys this site and generates a stop codon. For gps1-
1DC2, the entire p19A gps1-1 insert was moved as a NotI fragment into pBlue-
script (pKS19). This construct was then digested with NsiI and ligated to the same
adapter oligonucleotide as above to introduce an early stop codon (pKB238).
The entire NotI fragment was then cloned back into pADANS, the original
library vector, to give pKB240. The internal deletion (pKB252) was generated by
ligation of the NotI-to-PstI fragment and the NsiI-to-SacII fragment of p19A
together with NotI- and SacII-digested pADANS vector in a three-way ligation
resulting in a deletion of sequence between PstI and NsiI (these sites are in the
same reading frame). YEpGPA1 was made by inserting the EcoRI genomic
fragment of GPA1 into YEp13M4 (partially EcoRI digested). pUG was made by
inserting the EcoRI fragment of GPA1 into pUV2, a 2mm-based URA3 marked
plasmid which was a generous gift of Junichi Nikawa and Michael Wigler.
The FUS6 cDNA was amplified from an Arabidopsis (strain WS) silique cDNA

library (63) generously provided by John Harada, University of California, Davis.
Independent clones derived from duplicate PCRs were used, and these always
behaved identically. FUS6DN clones were also derived from PCR amplification
using an upstream primer that introduces an initiator codon at position 1228 of
FUS6 (8). Again, independent clones were generated. Full-length and truncated
FUS6 were expressed from epitope fusion (pAD54) and nonfusion (pADNS
[13]) yeast vectors.

The chimeric gps1:FUS6 clone (pKB251) was constructed from four fragments
in sequential ligations. The 59 portion is a PCR-generated NotI-to-HindIII frag-
ment of gps1-1 in which the HindIII site was artificially introduced at position
943. The central portion is a PCR-generated HindIII-to-NsiI fragment of FUS6
in which the NsiI site was artificially introduced at position 1064. The 39 portion
is an NsiI-to-SacII fragment of gps1-1 taken directly from p19A. The resulting
chimera was expressed from the pADANS library vector.
GAL promoter constructs of gps1-1 (pKB247) and gps2 (pKB241) with a URA3

marker (STE4, STE11DN, and STE12 experiments) were made by first moving
the NotI fragments of gps1-1 or gps2 into pYES2 (Invitrogen, Inc.). In each case,
the Adh1 fusion peptide originally present in the library isolates was incorpo-
rated into the newGAL constructs, using PCR amplification and subcloning. The
LEU2-marked expression constructs regulated by the GAL10 promoter were
made by ligating PCR-amplified inserts into pM4GT, which was made by first
moving the blunt/PstI GALUAS fragment of pKB253 into YEp13M4 (42). The
blunt terminus for the GALUAS insert was created by BamHI digestion and
Klenow enzyme treatment. The blunt terminus of YEp13M4 was created with
HindIII and Klenow enzyme. The ADH1 transcription terminator signal from
pADHSN was moved as a BamHI/SalI fragment into the above-ligated product,
thereby creating pM4GT. pKB253 was made in two steps. First, the EcoRI/SalI
fragment from pBM150 (30) was subcloned into pBluescript. From this, the
SacI/SalI fragment was moved into YEp13M4. pADHSN was created by using an
oligomeric adapter which changed the HindIII site of pADNS into a SalI site. To
create pM4GT-gps1-1 and pM4GT-gps2, PCR amplicons were cloned into
pM4GT as SalI/SfiI fragments. The original library isolates were used as tem-
plates. The upstream PCR primer hybridized to the Adh1p fusion of the original
clones and introduced an in-frame SalI site. The downstream primer hybridized
to the ADH1 terminator prior to an SfiI site. To create pM4GT-MSG5 and
pYESS-MSG5, MSG5 was PCR amplified and the resulting PCR product was
cloned as a SalI/NotI fragment into pADHSN. A functional clone was subse-
quently moved as a SalI/NotI fragment into pM4GT and pYESS. pYESS was
created by changing the HindIII site of pYES2 to a SalI site, using an oligonu-
cleotide adapter.
The genetic suppression and localization analysis utilized GAL1/10 promoter-

driven constructs of STE4 (YCpGAL-STE4 [12], generous gift of Steven Reed,
Scripts Research Institute), STE11DN (YGL-STE11DN [7], generous gift of Roger
Kornberg, Stanford University), and STE12 (pGK40 [68], generous gift of Stanley
Fields, University of Washington). To make pKB254, the EcoRI-to-XbaI frag-
ment containing STE11DN from YGL-STE11DN was first subcloned into pBlue-
script with a GAL1/10 promoter sequence derived from pBM150. A GAL pro-
moter-driven STE11DN fragment (SalI-SacI) was then moved into YEp13M4 to
yield pKB254. Two pGAL-STE20DN constructs were made: pYESS-STE20DN
with a URA3marker and pM4GT-STE20DN with a LEU2marker. STE20DN was
PCR amplified by using an upstream primer that introduces a SalI site prior to
codon 495 and a downstream primer that introduces a NotI site. The resulting
PCR products were cloned as SalI/NotI fragments into pYESS. A functional
clone was subsequently moved as a SalI/NotI fragment into pM4GT.
Mammalian cell expression constructs were created by first PCR amplifying

HA-tagged full-length gps1 from pKB226 and inserting this into the BamHI site
of pcDNA3 (Invitrogen). The gps1-1 and gps2 constructs were generated by
substituting NotI fragments from pKB224 and pKB222, respectively. Deletion of
a NotI insert generated an empty HA-tagged vector (pcDNA3-HA) used in the
control experiments.
Northern (RNA) blot and Western blot (immunoblot) analyses. Northern blot

analyses were performed with Multiple Tissue Northern filters (Clontech).
Equalized sample loading was analyzed by hybridization with an actin probe. For
protein analysis, cells were grown to saturation in plasmid selection medium,
transferred to YPD (rich medium), grown from optical density at 600 nm of 0.2
to 0.5, harvested, and lysed with glass bead treatment. One hundred micrograms
of total protein was loaded per lane, and low-range prestained markers (Bio-
Rad) were used. The HA antibody 12CA5 was used (43), and the blots were
developed with alkaline phosphatase-conjugated goat anti-mouse antibody and
5-bromo-4-chloro-3-indolylphosphate toluidinium color reagent (Bio-Rad).
Mammalian cell transfections and assays. Procedures for CaPO4-mediated

transfections and luciferase assays have been previously described (66). In all
transfections, including titrations, total DNA per transfection was held constant
by adjusting the relative amounts of empty vector and suppressor plasmid used.
The dominant negative ras allele H-rasAsn17 (6) was expressed from pZIPN17
(Geoffrey Cooper, Harvard University). The pcDNA3-HAgps1, pcDNA3-HAgps2,
and pcDNA3-HA vector DNA samples were purified by CsCl gradient centrif-
ugation. The immunocomplex JNK1 assays were performed essentially as de-
scribed previously (67) except that the cells were harvested 18 to 22 h after
transfection and the lysates were precleared with 20 ml of immobilized protein A
(Pierce) prior to the addition of the Protein G Plus (Oncogene Science)-coupled
M2 antibody (Eastman Kodak Co.) that recognizes the amino-terminal Flag tag
on JNK1. Kinase activity assays using a glutathione S-transferase (GST)–c-Jun(1-
79) substrate were quantitated with a PhosphorImager (Molecular Dynamics)
and normalized to total protein. The assay was independently performed three
times with the same result. Flag-JNK1 and GST–c-Jun(1-79) plasmids were from
Roger Davis (University of Massachusetts Medical School).
Nucleotide sequence accession numbers.GenBank accession numbers for gps1

and gps2 are U20285 and U28963, respectively.
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RESULTS

Isolation of human cDNAs that suppress the yeast gpa1
mutation. To identify human proteins that affect G-protein–
MAP kinase signaling, we selected for cDNAs that suppress
the lethality resulting from a gpa1 (Ga deficiency) mutation in
yeast. We used a gpa1 mutant strain (LG2TG) which harbors
a maintenance plasmid, pTGC, that has a wild-type GPA1
gene, a positive selectable marker (TRP1), and a negative se-
lectable marker (CAN1). These cells were transformed with a
human glioblastoma cDNA library in a high-copy-number
yeast vector carrying a selectable marker (LEU2). Expression
was driven by the yeast alcohol dehydrogenase (ADH1) pro-
moter with the incorporation of an amino-terminal Adh1 pep-
tide (14). Suppressors were obtained by using a modified plas-
mid exchange protocol (56). Transformants were grown for 2
days in liquid media, selecting for the library plasmid only.
These cells were then plated on medium selective for retention
of the library plasmid but loss of the pTGC maintenance plas-
mid (SC-leucine-arginine with canavanine). Colonies were
then pooled and used to prepare DNA enriched for suppressor
plasmids. This DNA was used to transform fresh LG2TG cells,
and the same selection was performed, yielding individual col-
onies from which clonal library plasmid DNA was obtained.
From approximately 107 transformants analyzed, five gpa1 sup-
pressors were isolated (Fig. 1A). Three of these encoded hu-
man Gsa. It has been previously reported that this structurally
related protein is a functional homolog of yeast Gpa1p (17).
The remaining two plasmids contained novel human cDNA
sequences, designated gps1-1 and gps2 (G-protein pathway
suppressor), that can suppress gpa1 lethality in both mating-
type backgrounds (data not shown).
Genetic localization of pathway suppression by gps1-1 and

gps2. Constitutive pheromone signaling can be mimicked by
direct activation of the Gb subunit. We tested the abilities of
gps1-1 and gps2 to rescue the lethality of cells carrying a
STE4Hpl mutation (4). This leads to constitutive signaling due
to a reduced affinity for Ga (64). In a plasmid exchange and
selection assay (56), both gps1-1 and gps2 were shown to sup-
press this lethal signal (Fig. 1B). Consistent with these data,
gps2 (and to a much lesser extent gps1-1) as well as overex-
pressed Ga (GPA1) were able to suppress FUS1 induction
arising from overexpressed STE4 (Table 1). Each suppressor
was also capable of suppressing the long-term lethal effects of
overexpressed STE4 (data not shown). These results prompted
us to explore the effects of gps1-1 and gps2 on downstream
signaling mutants.
We tested the abilities of gps1-1 and gps2 to suppress con-

stitutively active forms of STE20 (50), STE11 (7), and overex-
pressed STE12 (20). Unremitting signals from these phero-
mone pathway elements could not be blocked sufficiently to
reverse their lethal effects (data not shown). It should be
noted, however, that STE20DN-mediated lethality occurs even
in cells with a defective pheromone pathway (50) and that
STE20DN, STE11DN, and high-copy-number STE12 were each
lethal in diploid cells (Fig. 1C) which do not express some
pheromone pathway components, including the G-protein
subunits, Ste5p and Fus3p (reviewed in reference 27). In con-
trast, STE4 overexpression is not lethal in diploids (Fig. 1C).
These data suggest that the lethal phenotypes of STE20DN,
STE11DN, and overexpressed STE12 may involve some sig-
nal(s) other than the pheromone response pathway.
To circumvent the limitations of the lethal phenotype map-

ping experiments, we examined what effects these suppressors
would have on pheromone pathway-specific signaling by mon-
itoring FUS1 induction. Consistent with the observed suppres-

sion of STE4-mediated induction (Fig. 1B), gps2 was capable of
interfering with STE4-induced FUS1::lacZ activity whereas
gps1-1 had only a slight inhibitory effect (Table 1). gps1-1 did
not interfere with STE20DN-, STE11DN-, and overexpressed
STE12-mediated activation of the FUS1::lacZ reporter. Con-
versely, gps2 blocked each of these signals by 30%. As ex-
pected, GPA1 overexpression blocked only the overexpressed
STE4-mediated signal and had no effect on downstream acti-
vators. Another control repressor used was MSG5, which en-
codes a phosphatase that can downregulate Fus3p kinase (19)

FIG. 1. Assays for suppression of pheromone pathway-activating mutations.
(A) Suppression of a gpa1 mutation. Yeast cells carrying the gpa1 mutation with
a maintenance plasmid (strain LG2TG) were transformed with the indicated
constructs and tested for suppressor function by plasmid exchange assay (equal
culture volumes were plated). Gsa #1 and #2 represent two of three indepen-
dently isolated human Gsa clones; GPA1 represents YEpGPA1; V represents
pADNS (empty vector). (B) Pathway activation through a dominant STE4 mu-
tation. Cells carrying a STE4Hpl mutation and a maintenance plasmid (strain
DBC) were transformed with the indicated constructs (V, pADNS; gps1-1, p19A;
gps2, p17B; gps1:FUS6, pKB251) and subjected to a plasmid exchange assay
(equal culture volumes were plated). For cells transformed with vector only,
some occasional revertant colonies commonly appear. (C) Pheromone pathway-
activating mutations in diploid cells. W303-1A/1B diploid cells were transformed
with a plasmid encoding galactose-inducible STE4 (YCpGAL-STE4), STE20DN
(pM4GT-STE20DN), STE11DN (pKB254), or STE12 (pGK40). Quadruplicate
patches were replica plated onto sucrose (noninducing) or galactose (inducing)
media. The galactose media patches were re-replica plated to eliminate back-
ground growth.
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and should therefore block the phosphorylation believed nec-
essary for Ste12p activation (55) and FUS1 induction. Overex-
pressed MSG5 strongly interfered with overexpressed STE4-,
STE20DN-, and STE11DN-mediated signals. In contrast, MSG5
only moderately reduced (30%) the overexpressed STE12-in-
duced FUS1::lacZ signal. This result is consistent with the
observation that overexpressed STE12 can stimulate FUS1 in
the absence of both FUS3 and KSS1 (23). This finding may
indicate that some Ste12p phosphorylation is carried out by
kinases (other than Fus3p and Kss1p) that are not Msg5p
repressible or that unphosphorylated Ste12p is responsible for
much of the FUS1 induction signal, at least in a STE12-over-
expressing cell (25, 69).
Because the level of interference with STE4-induced FUS1

expression by gps1-1 is slight and no suppression of down-
stream inducers was detected, these data do not significantly
alter the site-of-action conclusions derived from the lethality
suppression results which suggest that gps1-1 suppression takes
place upstream of STE20. gps2 shows clear suppression of the
STE4 signal (stronger than GPA1-mediated suppression), with
much less effect on downstream initiators. These results sug-
gest that gps2 may act primarily upstream of STE20, with a
reduced (perhaps indirect) effect on downstream signaling el-
ements.
Morphologically distinct suppression by gps1-1 and gps2. In

a normal mating response, cell cycle arrest occurs concomi-
tantly with a differentiation program that leads to morpholog-
ically altered cells (shmoos) that are enlarged and elongated.
These changes are reversed following cell fusion or as a result
of adaptation. Cells that carry a lethal, activated G protein
appear to expire in this differentiated state (12, 17, 40). Al-
though both gps1-1 and gps2 clearly suppress the lethality of a
constitutively active pheromone signal (Fig. 1), causing a re-
sumption of vegetative growth, under some conditions they do
not equally suppress cellular differentiation. As shown in Fig.
2, cells overexpressing STE4 and gps1-1 appear to have mor-
phologies close to normal, whereas many of the cells overex-
pressing STE4 and gps2 are greatly enlarged and elongated.
Unlike normal mating shmoos or terminal shmoos resulting
from overactivation of the pathway, however, these cells have
bypassed cell cycle arrest and are dividing.
gps1-1 and gps2 alter cellular response to a-factor. Haploid

yeast cells cultured on solid media produce a zone of growth
inhibition, or halo, surrounding a source of pheromone. Even-
tually, cells may adapt to the pheromone, reenter the cell cycle,
and resume vegetative growth, giving rise to colonies within
the halo. This adaptation response involves multiple signaling
components (reviewed in references 2 and 32).

We examined the a-factor response of a cells transformed
with gps1-1 or gps2. These cells formed a halo of the same
diameter as cells transformed with vector only (Fig. 3). This
result suggested that gps1-1 and gps2 do not significantly alter
the initial firing of the pathway or the sensitivity of cells to
pheromone. Although we have demonstrated that gps2 can
reduce the level of FUS1 induction following overexpression of
STE4 (Table 1), this level of suppression is apparently unable
to block the initial arrest response observed in the halo assay.
It should be noted that other high-copy-number pheromone
pathway suppressors (including GPA1) also show a normal
halo radius (19, 56). After further incubation, however, a
change was noted. As seen in Fig. 3, cells expressing gps2 have
adapted, as indicated by the resumption of growth within the
halo region, whereas vector only cells showed no such growth.
For gps1-1, there was also a resumption of growth, but this was
confined primarily to the periphery of the halo. After longer
incubation, gps1-1-transformed cells also showed some growth
throughout the halo. These halo suppression experiments were
conducted in wild-type cells and in two pheromone-supersen-
sitive strains. sst1 mutants are defective in degradation of the
a-factor pheromone (35), while sst2 mutants have a defect in
an independent adaptation pathway that is less well under-
stood (18, 51, 62). Expression of gps1-1 or gps2 in each of these
strains caused halo fill-in, with the sst2 strain showing more
rapid and more extensive halo fill-in than the others (Fig. 3 and
data not shown). Therefore, the observed growth within the
halos could reflect an enhanced adaptive response that in-
volves neither Sst1p nor Sst2p. Alternatively, it may result from
nonadaptive signal attenuation.
When cells were treated with a-factor and examined micro-

scopically, gps1-1 and gps2 had no noticeable effect on the rate
of cell cycle arrest (nearly 100% unbudded within 3 h [data not
shown]), supporting the conclusion that the suppressors do not
dramatically block the initial pheromone response. The sup-
pressors also had no effect on the initial rate of reentry into the
cell cycle following pheromone withdrawal, indicating that
gps1-1 and gps2 do not dramatically affect recovery following
transient pheromone exposure. These conditions are distinct,
however, from the long-term chronic pheromone exposure in
the halo assay and the crisis situation arising from a mutation
causing constitutive pathway activation.
gps1 is structurally and functionally related to Arabidopsis

FUS6 (COP11). Northern analysis indicated that both gps1 and
gps2 are expressed in a wide variety of human tissues (Fig. 4).
In both cases, one principal transcript was evident. For gps1, an
additional low-abundance species of larger size was also de-
tectable. The sizes of the major mRNA species indicated that
the gps1-1 isolate was truncated and that the gps2 isolate was
near full length in size. Through cDNA library screening and
primer extension, full-length clones were obtained.
Sequence analysis of full-length gps1 indicated that the pre-

dicted protein sequence is longer at its amino terminus than
the original gps1-1 isolate (Fig. 5). Two possible initiation sites
are separated by 13 codons, and both are in regions that con-
form well to translation start consensus sequences (31). Yeast
expression clones were engineered to initiate at each of these
possible start sites, and an amino-terminal epitope tag was
incorporated into these constructs as well as the original sup-
pressing clone. Western blot analysis indicated that both of the
larger constructs yielded products of the expected size (with
some apparent breakdown products) and were expressed at
levels comparable to that of the original truncated suppressor
form of gps1 (data not shown). Although the epitope-tagged
gps1-1 construct retained suppressor activity, the putative full-
length constructs suppressed neither the gpa1 mutation (data

TABLE 1. Suppression of FUS1-lacZ induction

Suppressor
b-Galactosidase activity with indicated activation genea

STE4 STE20DN STE11DN STE12

Vector 1.0 1.0 1.0 1.0
gps1-1 0.8 1.1 0.9 1.0
gps2 0.4 0.7 0.7 0.7
MSG5 0.1 0.1 0.1 0.7
GPA1 0.6 1.0 1.1 0.9

a b-Galactosidase activities from cells expressing activation genes were at least
25-fold above values obtained in parallel experiments with vector only. In each
column, values were normalized to that for the unsuppressed (activator plus
vector) signal, thereby allowing comparison across rows. Each assay was per-
formed at least twice in triplicate with nearly identical results, and the normal-
ized values shown were derived from data with a standard deviation of 10% or
less. Constructs used are described in Materials and Methods.
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not shown) nor the STE4Hpl mutation (Fig. 6). The additional
amino-terminal sequences of gps1, then, appear to have re-
duced or eliminated suppressor function in yeast. To further
define the primary sequence requirements for G-protein path-
way suppression, deletion mutations of gps1-1 were created
and analyzed. As shown in Fig. 6, carboxy-terminal and inter-
nal deletions of Gps1-1 abolished suppressor activity.
Examination of the Gps1 sequence revealed extensive sim-

ilarity to the predicted protein encoded by the Arabidopsis
FUS6 (COP11) gene (8). FUS6 appears to be expressed in all
plant tissues and is essential for plant development: some fus6
mutants are so severely disrupted that they rarely develop
beyond the seedling stage (8). Mutations in this gene also
cause a constitutive photomorphogenesis phenotype (61), sug-
gesting that the function of FUS6 is to negatively regulate a
light-mediated signaling pathway. As shown in Fig. 5, Gps1 and
FUS6 have 47% identity and 64% similarity. The alignment
covers almost the entire sequence of FUS6 and requires few
gaps. This finding suggested that these evolutionarily distant
gene products may also be functionally related. Although
FUS6 sequences alone did not provide detectable suppression
of the STE4Hpl mutation, even when truncated to approximate
the gps1-1 clone, a chimeric gps1:FUS6 construct showed ac-
tivity that was only slightly reduced from the original gps1-1

clone (Fig. 1B). As shown in Fig. 6, the chimera was made by
replacing an essential region of Gps1-1 with corresponding
FUS6 sequences. These results demonstrated that human gps1
and Arabidopsis FUS6 are indeed functionally related.
The sequence of Gps2 (Fig. 7) revealed no significant simi-

larity to known proteins, and it contains no consensus patterns
or motifs indicative of function. The original library isolate of
gps2 appears to contain the entire coding sequence of this
gene, although primer extension revealed a short addition to
the upstream noncoding region. Constructs in which the library

FIG. 3. Halo assay of pheromone response. sst1 cells (GPY74-15Ca), trans-
formed with the indicated construct (vector [pADANS], gps1-1 [p19A], or gps2
[p17B]), were exposed to an a-factor-soaked filter. Cells were grown for 6 days
before photography, although growth within the halos was apparent within 3
days.

FIG. 2. Suppression of pathway-induced cell morphology changes. Wild-type cells (W303-1A) were transformed with galactose-inducible constructs of STE4
(YCpGAL-STE4) and either gps1-1 (pKB247) or gps2 (pKB241). These cells were then grown under noninducing (sucrose; left) or inducing (galactose; right)
conditions. Induced cells with pKB247 and pKB241 alone had normal morphologies (data not shown). Photos were taken by using a Nikon FXA microscope with a
603 objective and differential interference contrast (Nomarski) optics.
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vector Adh1 fusion sequence was replaced with an epitope tag
retained suppressor function, indicating that the fusion se-
quences were not involved.
gps1 and gps2 act as signal suppressors in mammalian cells.

The ability of gps1 and gps2 to interfere with RAS- and MAP
kinase-mediated signaling in mammalian cells was first tested
in a reporter gene induction assay. The PGS2 promoter-driven
luciferase reporter has been shown to respond to signals initi-
ated by an activated src allele (66). This induction is strongly
inhibited by dominant negative forms of RAS, ERK, and JNK,
demonstrating that it relies on both the ERK and JNK MAP
kinase cascades (67). As shown in Fig. 8, NIH 3T3 cells co-
transfected with the PGS2-luciferase reporter and v-src activa-
tor showed strong induction (31-fold). This transcriptional ac-
tivation was blocked, as expected, by a dominant negative
H-ras allele. gps1 and gps2 also showed potent repression of the
transcriptional activation signal (six- and fourfold, respective-
ly), and the level of repression was dependent on the amount
of gps1 or gps2 DNA used. Expression of gps1-1, the truncated
version of gps1, was also able to suppress the inductive signal,
although not as strongly as full-length gps1 (data not shown).
This result is in contrast to the signal suppression results in

yeast, where gps1-1 behaved as a potent suppressor but full-
length gps1 had no detectable suppression activity (Fig. 6). This
finding may indicate that the amino-terminal portion of gps1
mediates a function (e.g., effector binding) that strengthens
signal repression in mammalian cells but is antagonistic to
signal repression in yeast.
To more directly determine the effects of gps1 and gps2 on

signal transduction, we measured the activity of JNK1, the
terminal kinase of a MAP kinase cascade that can be activated
by RAS. JNK1 activity is stimulated by a variety of extracellular
stimuli and is present in cultured cells grown in the presence of
serum (28). Catalytically active JNK1 phosphorylates the tran-
scription factor JUN. Using an immunocomplex JNK1 kinase
assay, we observed that transfected gps1 and gps2 reduced
JNK1 activity 3- and 18-fold, respectively (Fig. 9). Dominant
negative RAS produced a fivefold reduction in JNK1 activity.
When the JNK1 signal was enhanced by cotransfection with
v-src, suppression was still observed (data not shown). There-
fore, overexpressed gps1 and gps2 can suppress G protein
(RAS)- and MAP kinase-mediated signaling in mammalian
cells and, more specifically, interfere with JNK1 activity. Taken
together with the observed effects in yeast cells, these data
suggest that gps1 and gps2 normally function as signal attenu-
ators.

DISCUSSION

Yeast signal transduction pathway mutants have proven to
be powerful tools for the isolation and characterization of
signaling components from higher eukaryotes (3, 14). The sup-
pression of a yeast G-protein–MAP kinase pathway by human
gps1-1 and gps2, as well as the gps1:FUS6 chimera, provides
further evidence that signaling effectors and regulators are
evolutionarily conserved. These suppressors likely act on pher-
omone pathway components common to both a and a cells,
since they suppress a gpa1 mutation in both cell types. gps1-1
and gps2 differ, however, in their relative abilities to block
differentiation and promote recovery. In cells overexpressing
Ste4p, both can relieve cell cycle arrest and permit cell division,
but gps2-expressing cells retain morphological features of dif-
ferentiated cells. This could reflect a difference in the magni-
tude of suppression. However, when pheromone response was
examined by halo and FUS1 induction assays, gps2 gave rise to
more extensive interference than did gps1-1. These observed

FIG. 4. Northern analysis of gps1 and gps2 expression in human tissue. Mul-
tiple Tissue Northern blots (Clontech) were probed with gps1 (top) or gps2
(bottom). Subsequent probing with actin verified approximately equal RNA
loading except for reduced levels in placenta (data not shown). Markers (kilo-
bases) are given at left.

FIG. 5. Predicted amino acid sequence of Gps1 and alignment with FUS6. The start position of Gps1-1, following the Adh1 or HA epitope fusion peptide, is
indicated with an asterisk. Gps1 and FUS6 were aligned by using the BLAST algorithm (1). Lines, double dots, and single dots represent identity, strong conservation,
and weak conservation, respectively. The region of Gps1 sequence replaced with FUS6 sequence in the Gps1:FUS6 chimera (Fig. 7) is underlined. GenBank accession
numbers: U20285 (Gps1) and L26498 (FUS6).

VOL. 16, 1996 HUMAN FUS6 HOMOLOG ACTS AS A SIGNAL REPRESSOR 6703



differences may indicate that gps1-1 and gps2 act through dis-
tinct mechanisms.
That gps1-1 and gps2 block lethality resulting from overex-

pressed Ste4p or dominant active mutant Ste4p (Ste4Hplp) is
consistent with their acting at or downstream of this point in
the pathway. If they suppressed at the level of the G protein
itself, however, they would have to be unaffected by the
STE4Hpl mutation, which blocks the interaction between Ste4p
and its negative regulator Gpa1p (Ga). Downstream suppres-
sion could occur through activation of an adaptation program
that overrides the unremitting signal (although Sst1p and Sst2p
do not seem to be involved). This possibility is consistent with
the observations that gps1-1- and gps2-expressing cells display
an initial pheromone response that appears normal (as judged
by halo assay and the microscopic analysis of cells treated with
pheromone). Although the initial recovery of cells following
short-term exposure to pheromone was also unaffected, both
gps1-1 and gps2 enhanced recovery from chronic exposure to
pheromone in the halo assay, and each suppressed the lethality
of G-protein mutations leading to pathway activation. These
results highlight the distinction between transient signaling and
the crisis situation resulting from constitutive signaling. Sup-
pression by gps1-1 and gps2 might be mediated by enhance-
ment of an adaptation pathway which can overcome a chronic
signal. Alternatively, these suppressors may work through in-
hibition of a signaling component that is not normally a target
of the adaptation pathways. In this case, the level of inhibition
might be insufficient to prevent the physiological response
from the initial signal but enough to avert the lethal conse-
quences of prolonged signal transduction.
Recovery from chronic signaling could occur at many levels,

including an increase in G1 cyclin-dependent kinase activity
(i.e., relieving repression of G1 cyclin[s]). Fus3p, one of the
pheromone-induced MAP kinases, phosphorylates and acti-
vates Far1p (46, 59), which is a repressor of the Cdc28p cyclin-
dependent kinase (47). Interestingly, both FUS3 (24) and
FAR1 (10) were identified through recessive mutants that were
defective in establishing pheromone-induced cell cycle arrest
but showed near-normal control of FUS1 induction. Addition-
ally, far1 and fus3 mutants have the appearance of differenti-
ated cells following pathway activation. The somewhat differ-
entiated morphology of STE4-overexpressing cells expressing
gps2 may indicate a direct or indirect impact on G1 cyclin
control.
The inability of gps1-1 and gps2 to suppress the lethality of

STE20DN, STE11DN, and overexpressed STE12 was perhaps
not surprising. Ste20p participates in multiple pathways (16),
and cell death caused by mutant STE20 is known to involve a

non-pheromone pathway component (reference 50 and this
work) which is apparently unaffected by these suppressors. Our
data suggest that STE11DN-induced lethality also involves fac-
tors outside the pheromone response pathway. It should be
noted that Ste20p, Ste11p, and Ste12p have all been implicated
in the pseudohyphal growth induction pathway (52), and this
additional signaling capacity may contribute to their lethal
phenotypes when constitutively activated.
Signal repression could involve direct effects on transcrip-

tion, thereby leading to a change in the expression level(s) of a
key signaling component(s). This might overcome the lethality
of constitutive signaling without grossly altering the initial
pheromone response. However, such a mechanism could not
require induction of GPA1, since gps1-1 and gps2 suppress a
gpa1mutant. Neither could it require repression of STE4, since
they suppress a GAL1 promoter-driven STE4 construct. Other
genes involved in signal transduction, adaptation, or cell cycle
control could be the targets of such transcriptional control. In
the case of gps2, there was also a moderate reduction in the
level of FUS1 induction by STE20DN, STE11DN, and STE12.

FIG. 6. STE4Hpl suppression capability of gps1 and FUS6 constructs. The
predicted Gps1 protein products (open boxes) and FUS6 protein products
(hatched boxes) and a chimeric protein product are shown approximately to scale
and aligned. Gps1* represents the product from a construct designed to initiate
at the second in-frame ATG. Note that all constructs are expressed as either
Adh1 or HA epitope peptide fusions.

FIG. 7. Predicted amino acid sequence of Gps2. GenBank accession number:
U28963.

FIG. 8. Effects of gps1 and gps2 on reporter gene induction in mammalian
cells. NIH 3T3 cells were transiently transfected with a PGS2-luciferase reporter
construct, with a v-src construct or equivalent vector, and with the test expression
construct (gps1 or gps2) or empty expression vector (vec). gps1 and gps2 were
expressed from a pcDNA3 vector that was modified to include an HA epitope
tag. This modified plasmid, pcDNA3-HA, was used as the control vector. The
amount of suppression plasmid used is indicated. Three micrograms of dominant
negative ras (DNras) plasmid DNA was used. The suppression data shown
represent the mean values of three independent experimental points. In a sep-
arate experiment, similar results were obtained.
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Although this finding raises the possibility that Gps2 directly
represses Ste12p activity, no suppression of STE12 overex-
pression lethality was observed. Furthermore, overexpressed
STE12 has been shown to retain much of its FUS1 activation
potential even under conditions where it is unlikely to be phos-
phorylated (reference 23 and this work). The moderate effects
of gps2 on the overexpressed STE12 signal, therefore, may be
the result of an indirect mechanism.
Analysis of gps1 indicates that its relationship to the Arabi-

dopsis FUS6 (COP11) gene goes well beyond extensive primary
sequence conservation and broad tissue-type expression pat-
terns. We have shown that a highly conserved portion of FUS6
(COP11) can functionally substitute for an equivalent region of
gps1-1 that is required for suppression of G-protein signaling.
It is not yet clear, however, whether this reflects a conserved
enzymatic activity, a capacity to bind a critical signaling com-
ponent, or a structural feature essential for one of these func-
tions. The signal transduction interference properties of both
gps1-1 and the gps1:FUS6 chimera are consistent with the pro-
posed repressor function of FUS6 (COP11) in light-mediated
signaling (9; reviewed in reference 5). In the yeast assay, the
carboxy-terminal half of Gps1 is sufficient for signal suppres-
sion but replacement of its amino-terminal residues abolishes
suppressor activity, raising the possibility that a form of dom-
inant interference is involved. In mammalian cells, however,
full-length gps1 is the more potent signal suppressor, suggest-
ing that in this native cell context, full suppressor function may
involve both protein domains. While there is no evidence that
S. cerevisiae encodes true homologs of Gps1 or Gps2, our data
indicate that these proteins affect closely related pathways
from yeast to mammalian cells, suggesting that they are capa-
ble of functionally interacting with conserved signal transduc-
tion proteins.
The experiments described here further demonstrate that

simple eukaryotes can be used to identify human signal trans-
duction components, including signal repressors, and to probe
their functions. Although the phenotypic endpoints of the
RAS, heterotrimeric G-protein, and MAP kinase pathways
differ between these organisms, recent work has revealed a
remarkable conservation of structure, function, and regulation
of many components (21, 29, 38, 45, 49, 54). The finding that
overexpressed gps1 or gps2 results in suppression of a small
G-protein (RAS)- and MAP kinase-mediated signal in mam-
malian cells (in both reporter gene and kinase assays) lends
strong support to the model that these proteins normally func-
tion as signal repressors. The possibility that gps1 and gps2 act
as dedicated inhibitors or repressors of conserved signaling
pathways suggests a level of regulation that deserves further
examination. In addition, gps1 is itself a highly conserved gene,
and examination of its function may further elucidate the role
of FUS6 (COP11) in plant development.
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